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High  Birefringence  Liquid  Crystals  for  Laser  Hardening  and  m  Countermeasure 

1.  Objectives: 

dltic^for  Progr^  is  to  develop  high  birefringence  liquid  crystal  (LC)  materials  and  fast-response 

devices  tor  laser  hardening  and  mfrared  countermeasure.  ^ 

2.  Status  of  Effort: 

fast-response  time  for  laser  hardening  and 

3.  Accomplishments 

3.1  Motivation 

For  laser  beam  steenng  using  optical  phased  arrays,  a  fast-response  liquid  crystal  is  needed.  We  have  developed  a 
polymer  network  liqui^J  crystal  (PNLC)  which  exhibits  a  fast  response  time  at  mom  temperature.  As  compared  to  the 

opSngToltagr^  ’  requirement  of  a  higher 

3.2  Polymer  Network  Liquid  Crystal  (PNLC) 

Liquid  crystal/polyiner  composites  could  appear  in  network  or  droplet  form  depending  on  what  polvmer  and 
^ncentration  is  employed.  Liquid  crystal  droplets  could  be  found  when  the  polymer  conceLtion  is  hfeheTi  ?0 
concentration  regime  (<15  wt%),  the  polymer  exists  as  chain-like  networks.  The  polymer  field 
unproves  the  response  time;  however,  the  associated  light  scattering  is  quite  strong  in  the  visible  region  Such 
dev  ces  exhibit  an  anisotropic  light  scattering  behavior  and  have  potential  for  reflective  display  aifd  telecom 
applications.  Recently  a  stressed  LC  cell  comprising  of  14  wt%  Nolan-65  polymer  was  demonsfratL  to  exhibit  a 

approach,  no  surface  alignment  is  required.  However,  a  delicate  shearing  process  is  needed 
m  order  to  suppress  light  scattenng.  The  operating  voltage  for  a  20  pm  E7  cell  is  ~135  Vn„s. 

^  fast-response  homogeneously-aligned  polymer  network  Tiquid  crystal  (PNLC)  cell 
complrtely.  The  measured  response  time  is  less  than  2  ms  for  a  27t  phase  change  at  A.=l  55  urn  and  T  21  “P  Ti.. 

3.2.1  Experimental 

To  fabricate  the  PNLC  cells,  we  first  mixed  a  few  percent  of  photocurable  monomer  to  a  nematic  LC  host  The 

sandwitched  between  two  glass  substrates.  The  inner  surfaces  of  the  indium-tin-oxide 
Lh2v,-^*T  °ver-coated  with  a  thin  polyimide  layer  and  buffed  in  anti-parallel  directions  for 

achieving  homogeneous  alignment.  The  filled  cell  was  then  exposed  to  UV  light  for  curing  the  polymer  networks  To 
donate  light  scattenng,  we  need  to  control  the  domain  sizes  to  be  smaL  than  the  SeS  A  we^k  uV 
intensity  would  result  in  coarser  polymer  networks  which,  in  turn,  lead  to  larger  domain  sizes  Thus^  we  exposed  the 
LC/monomer  mixture  using  a  high  UV  intensity  (7-45  mW/cm^  The  exposure  time  is  30  min’  TSeruItof  nol™ 

Spn?"/  T-  Z  to  the  strong  surface  anehoring  energy  Thus 

to  resSe  LC  mSecd  voltage-off  s  tate.  In  a  voltage-on  state,  the  polymer  network!  exert  a  torque 

mo  ecules  from  being  reoriented  by  the  electric  field.  As  a  result,  the  threshold  voltage  is  increased 
g  ficantly.  Once  the  electnc  field  is  removed,  the  strong  polymer  field  assists  LC  to  relax  back  quicWy 

For  laser  beam  steering  at  ^1=1.55  pm,  both  reflective  and  transmissive  phase  modulators  can  be  used  To 

reflectance  or  transmittance  of  the  cells  is  reco!td^y^^Lfb™  s^^^ 
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Jnsi^ss  v?Lc  SNLcS  electro-optic  properties  of  the  reflective  and 

S“Senr£  T  ^  f  polarization  axis 

or  me  mcident  light.  The  LC  cell-1  and  detector  1  are  for  reflective  mode  and  LC  cell-2  and 

detector  2  are  for  transmissive  mode.  PBS  =  polarizing  beam  splitter.  P  =  Polarizer  X  =  1  55  Jm 


rn”'"  r  » 

nenvork  domain  aizo  ia  adll  toXrir-"r:,7Lrir''“^^^  “  ’  P»‘^' 

light  acattering,  we  need  to  reduce  the  domain  aizp  fiirthor  h  ^  ennglossatX  1.55  gm.  In  order  to  ehniinate 
mixed  Ml  with  RM-82  to  lower  the  meltine  noint  For  thp  monomer  concentration.  Therefore,  we 

concentration  is  6  wt%  Ml  and  4  wt%  RM-82  shown  pq  th  ^  studied,  the  best  monomer 

throughout  this  paper,  our  LC/polymer  contains’  90%  LC,  anS/o  RM-82^'®'  mentioned 
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g  ,  C  5,  7,  and  10  Wt/o.  The  cell  gap  for  the  reflective  cells  is  5  pm.  X=1.55  pm  and  r=21  “C. 

3.2.3  Results  and  Discussion 

pm  E44  PNLcteni^Se^otll’iSre'^reterdatTorof^  corresponding  7.7  pm  and  12.5 

a=3.S4.an,3.0.,respectively.L.ertr:^^^^^^^^^^^^ 
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mterest  of  keeping  operating  voltage  low,  we  operated  the  LC  modulator  from  5=  27t  (where  V  =  V,,)  to  0  fV=01 
so  mcMed  in  Figs.  3  (a)  and  (b)  (gray  lines)  for  comparisons  are  the  7.7-pm  and  12  5-um  E44  cells  without 
polder.  The  tkeshold  voltage  of  the  E44  cells  is  -0.9  From  the  measured  totaf  p"i;^sf rtStirn!^^^^ 

to  be  An~0.19.  The  lower  An  onginates  from  the  imbedded  10%  polymers.  This  result  indicates  that  the  polvmer 
networks  do  not  disturb  LC  alignment  noticeably.  The  threshold  voltage  of  the  7.7-pm  and  12  5-um  PNLC^cell?is 
Sored  hvth  increased  threshold  voltage  implies  that  the  LC  mokcules  are  tightly 

nf  fV,  ^  ^  fransmittance  of  the  PNLC  cells  is  similar  to^that 

of  the  pure  E44  cells.  This  indicates  that  the  light  scattering  is  negligible.  We  also  measured  tL  wav^nX 
*pmde„.  of*.  12.5  ell.  Scanning  is  *„„g  *  *1™*,.  „gi„„  b„,  be« 


TlTeO  ■  ""““IK*  (a)  and  liansmiltance  (b)  of  E44  (gray  lines)  and  PNLC  (dark  lines)  cells 

The  cell  gap  for  the  reflective  and  transmissive  cells  is  7.7  pm  and  12.5  pm,  respectively.  11=1.55  pm  and  T=21  °C.  ’ 

Figures  4(a)  and  (b)  show  the  measured  decay  time  (solid  lines)  of  the  reflective  and  transmissive  PNLC  cells  The 
open  circles  are  fittings  with  exponential  phase  decay:  <5(0  =  2.  exp(-t  /  r) .  Good  agreement  k  ZJ.  T^  tL 

constant  (at  1/e)  for  the  7.7-pm  reflective  cell  and  12.5-pm  transmissive  cell  is  t=296  ps  and  755  ps  respectivelv  If 

Edd^'cell  !h^  100^10%,  they  are  -0.7  ms  and  1.8  ms,  respectively.  As  compared^o  the  pure 

E44  cell,  the  response  time  is  improved  by  ~300X  The  rise  time  n  0^  Qf)o/  ^  i 

nra  for  *e  transmisaive  PNLC  cell  operaling  frorn  0  to  90  '» -“'S 


Time,  ms 


Time,  ms 


Figure  4.  Measured  phase  decay  time  of  the  reflective  (a)  and  transmissive  fbl  PNTC  cpIIi!  r 

ettpenmental  data  and  open  circle,  arc  fitting  retarlt,.  In  (a),  ,-296  p,  and  in  (b)”  TO  Jr^^aP^anf  “  .55°pm"' 

Sr  ^  Simulation  results  of  the  pure  E44  and  PNLC  cells.  For  the  E44  cell  in  Fie  5  M  the 

ms/pm^\TaTidTStangleS2.5rFrem^^^  is  2^3 

A,  and  „  Of  B44  do  not  change  beL.  *e  p„e  LC  .n:^;::i?Stet  ^ 
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pm  a  much  faster  decay  time.  The  expected  effective 

The  “  would  be  4773  pK  From  the  fittmgs  shown  in  Fig.  5  (b).  we  find  K„=4800  pN  and  K33=50000  pN. 

The  simulation  results  imply  that  the  strong  anchormg  force  of  polymer  network  in  bulk  LC  area  dramatical 
increases  flie  effective  K  value.  The  LC  molecules  in  the  polymer  network  domains  become  stiffer  and  more  difficuh 
to  be  reonented  by  the  electric  field.  A  small  portion  of  the  bulk  LC  molecules  near  the  boundaries  of  the  network 
domain  may  not  rotate  at  all,  whieh  results  a  lower  phase  change  in  the  high  voltage  regime 

Figure  6  shows  the  temperature  dependent  birefnngence  of  the  transmissive  E44  PNLC  cell  at  X=1.55  pm. 

The  dots  represent  the  experimental  data  and  solid  lines  are  fittings  with  Haller’s  equation  An  =  An^  (l-T/T)^- 

where  An^  is  the  birefringence  at  r=0  and  /?is  a  material  parameter.  From  the  fittings,  we  find  An  =0  255  and 
/ff=0.187.  " 
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“<1  PNLC  (b)  cells.  Solid  lines  are  experimental  data 
and  open  circles  are  fitting  results.  7^2  TC  and  X=1 .55  pm.  ^ 


Figure  6.  Temperature-dependent  birefnngence  of  the  E44  transmissive  PNLC  cell.  d=12.58  pm. 

p,epa,edT^;“o‘ oVTo f  ”  T"  ““  T'"  '’“'“S'  ''*■  8-pm  PNLC  cell,  we„ 

iTds'to  be n"'  T  is  Slightly  Leased  Mas  Xhane 

needs  to  be  optimized  in  order  to  maintain  the  maximum  phase  change  and  fast  responseLe.  ® 
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Figure  7.  Voltage-dependent  reflectance  PNLC  cells  cured  with  different  bias 
for  the  reflective  cells  is  8  ^m,  ^=1.55  [im  and  T=2l  ®C. 


voltage.  The  cell  gap 


.  .  „ .  the  operating  voltage  while  retaining  the  required  2n  phase  change,  we  could  increase  the  LC 

bneffmgence  and  die lectac  anisotropy  (As).  Figure  8  shows  the  simulation  results  of  tL  PNLC  cell  as  An  Tnd  As 
mcrease^The  V.  could  be  reduced  to  54.5  V  if  An  is  increased  to  0.3,  as  shown  in  Fig.  8  (a).  We  couJd  lower  both 
th  27t  y  using  a  higher  As  material.  The  V2,  is  decreased  gradually  as  As  increases,  as  shown  in  Fig  8  (b) 

Thu.  fn“"  response  time  of  the  PNLC  cell  is  linearly  proportional  to  L%ell  gan 

iiSon  voltage  and  response  time  needs  to  be  taJi  into 

region  Ae  LcSw  f  3-5  and  8-12  pm  spectral  bands.  In  the  long  wavelength 

wf^L^r  f  scattering  becomes  less  significant.  To  obtain  27t  phase  chanL 

^  -Itage.  To  reduce  vl^  we  S 


0.18  0.2  0.22  0.24  0.26  0.28  0.3 


Birefringence 

Figure  8.  The  simulation  results  of  PNLC  c 
parameters:  Ki,=4800  pN,  and  K33=50000  pN. 


15  20  25  30  35  40  45  50  55 

Ae 


11  with  different  An  (a)  and  Ae  (b).  The  fitting 
1=1.55  pm. 


We  have  demonstrated  fast-response  and  scattering-free  reflective  and  transmissive  PNLC  phase  modulators  The 
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(Invited  talk)  eLCOS  Microdisplays  (Sunnyvale,  CA,  May  20, 2004) 

6.  S.  T.  Wu 

“Accelerated  life  test  of  liquid  crystals  and  alignment  layers” 

(Invited  talk)  Intel  Corp.  Santa  Clara,  California  (May  20,  2004) 

7.  S.  T.  Wu 

“High  contrast  PDLC  for  reflective  displays” 

(Invited  talk)  SiPix  Imaging,  Miltipas,  California  (May  21,  2004) 

8.  S.  T.  Wu 

“Reflective  and  transflective  LCDs” 

SID  annual  meeting,  Seminar  M-8,  Seattle,  WA  (May  24,  2004)  (-200  audiences) 

B.  Transitions: 


1 .  We  shipped  a  high  birefringence  liquid  crystal  mixture  to  Dr.  Terry  Dorschner  of  Raytheon  for  testing  his 
laser  beam  steering.  Telephone  number:  978-684-8738. 

2.  We  shipped  a  high  birefringence  liquid  crystal  mixture  to  Dr.  Teresa  Ewing  of  Boulder  Nonlinear  Systems, 
for  testing  her  mid-infrared  dynamic  scene  projector.  Telephone  number:  303-604-0077. 

3.  We  provided  a  high  birefringence  dual-frequency  LC  sample  to  Dr.  Dong-Feng  Gu  of  Rockwell  Scientific 
Company  for  testing  his  optical  phased  arrays.  Email:  dgu@rwsc.com. 
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7.  Honors  and  Awards 

S.  T.  Wu  is  a  Fellow  of  the  IEEE,  Society  for  Information  Display  (SID),  and  Optical  Society  of  America  (OSA). 
He  received  the  IEEE  Outstanding  Engineer  award  in  2003,  SID  special  recognition  award  in  2000,  and  SID 
Distinguished  Student  paper  award  (2004).  He  has  published  two  books:  1.  “Optics  and  Nonlinear  Optics  of 
Liquid  Crystals”  (World  Scientific,  Singapore,  1993;  with  Prof.  I.  C.  Khoo)  and  2.  “Reflective  Liquid  Crystal 
Displays”  (Wiley-SID,  2001;  with  Prof  D.  K.  Yang).  In  2004,  he  was  elected  to  the  founding  editor-in-chief  of  the 
lEEE/OSA  Journal  of  Display  Technology. 
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